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Background: Galactic Cosmic Rays and Human Health
[2] In balloon flights in 1912 -1913 , Hess [1912 , 1913 first measured a form of radiation that intensified with altitude. Millikan and Bowen [1926] realized that this radiation couldn't come from the Sun since its intensity didn't vary from day to night, and thus called it "Cosmic Ray" radiation. The majority of this radiation is from galactic comic rays (GCRs), which are accelerated outside our Solar System, most likely by the strong shocks that result from supernova explosions in our galaxy. GCRs have enormous energies (100 MeV to 10 GeV) and near-light speeds. They continually bombard Earth's atmosphere, producing secondary particles and radiation through cascading highenergy collisions.
[3] Because most GCR radiation that penetrates into the near-Earth space environment is shielded by Earth's magnetic field, it does not pose a common health hazard.
However, during space travel, GCRs are difficult to shield [Wilson et al., 1991; Cucinotta et al., 2001a Cucinotta et al., , 2001b since they produce secondary radiation in shielding and other material that is even more hazardous than the GCRs themselves. On long duration missions, GCR radiation is the primary health hazard to astronauts [Space Science Board, 1973; Space Studies Board, 1996; Cucinotta et al., 2001a] .
[4] In the outer heliosphere, beyond ∼100 AU, the slowing of solar wind is thought to form a large magnetic barrier that shields out > 90% of the GCR radiation present in interstellar space [Florinski et al., 2003 ] at energies below ∼100 MeV. Because this reduction is so large, even a very small change in the shielding efficiency can have a large impact on the radiation environment in the solar system. However, because these regions have never been directly sampled or observed, there is great uncertainty about the physics of outer heliospheric shielding and its sensitivity to changes in the solar wind output and the local interstellar medium. A small fraction of GCRs penetrate into the heliosphere and propagate toward the Sun and planets. These residual GCRs are modulated by the solar wind's magnetic field in the inner heliosphere.
[5] Forbush [1954] discovered the ∼11 year modulation of GCRs, which is explained by the transport of GCRs through heliospheric magnetic fields [Parker, 1965; Gleeson and Axford, 1968; Urch and Gleeson, 1972] . During periods of high solar activity (solar maximum), which occur each ∼11 years, the heliospheric magnetic field magnitudes increase due to a much larger rate of coronal mass ejections (CMEs) from the Sun. As a result, the solar wind's intense solar maximum magnetic field is more effective at sweeping GCRs out of the inner heliosphere, which causes a strong reduction of the GCR flux. A 22 year cycle is also evident: GCR flux maxima are typically sharply peaked for even numbered solar minima (when the large scale solar magnetic field is inward in the north; A < 0), whereas odd numbered solar minima (when the solar magnetic field is outward in the north; A > 0) show more broadly peaked GCR flux maxima. Over the 22 year solar magnetic cycle, known as the Hale cycle, the large-scale solar magnetic field reverses its polarity over the first solar activity cycle (∼11 years) and then returns to its original polarity in the next solar activity cycle. Most of the actual magnetic reversal happens over a 2-4 year period centered on solar maximum and is thought to be forced by the release of CMEs [Owens et al., 2007; Schwadron et al., 2008] . The solar magnetic reversal has a strong effect on the entry of GCRs into the heliosphere. Positively charged cosmic rays drift in from the heliospheric polar regions when the Sun's north polar field is directed outward (A > 0). In contrast, when the Sun's north polar field is directed inward (A < 0), positively charged cosmic rays drift inward along the heliospheric current sheet where they are scattered by irregularities in the current sheet, by coronal mass ejections and other large-scale interaction regions. Conversely, negatively charged cosmic rays (electrons) drift inward from directions opposite to the positively charged cosmic rays.
Potgieter and le Roux [1992] and Ferreira and Potgieter [2004] approximately reproduce the ∼22 year cycle in the GCR fluxes using a time-dependent modulation model, which includes gradient, curvature, and current sheet drift effects [Jokipii et al., 1977] and diffusion parallel and perpendicular to the magnetic field.
[6] Large changes in the Local Interstellar Medium (LISM) have dramatic effects on the heliosphere and the radiation environment of the solar system. For example, a typical enhancement in the density of the local interstellar medium by a factor of 10 causes the entire heliosphere to shrink to about a quarter of its current size [Zank and Frisch, 1999] , and increases the fluxes of GCRs at Earth by a factor of 2-6 [Scherer et al., 2002] . Such large changes in the LISM have certainly occurred in the past and will occur again in the future [Zank and Frisch, 1999] . Be provides a recent record of cosmic ray fluxes. The isotope is produced in Earth's upper atmosphere by spallation reactions of cosmic rays (CR) protons with energies higher than about 100 MeV and secondary neutrons with atmospheric nitrogen and oxygen [Masarik and Beer, 1999] . 10 Be records in Antarctic ice show two prominent peaks 35,000 and 60,000 years ago, when the radioisotope production rate was about twice the current value for about 1500 and 2000 years, respectively [Raisbeck et al., 1987] . The 35,000 year peak is also present in marine sediment records [Cini Castagnoli et al., 1995; McHargue et al., 1995] . The fact that the 10 Be radioisotope changes significantly with time shows that significant changes in cosmic ray fluxes have occurred in the past. But the cause for these changes remains controversial. The most accepted explanation is that the peaks are caused by geomagnetic magnetic field excursions, which is supported by the observed correlation between geomagnetic field strength and 10 Be levels in marine sediment records [McHargue et al., 2000; Wagner et al., 2000] . However, this explanation would suggest that the 10 Be enhancements should be uniform over the globe, which contradicts the large variations observed at high latitudes where geomagnetic effects are small. Further, Cini Castagnoli et al.
[1998] found that the 10 Be level starts to increase some 2000 years before the drop in Earth's magnetic field, as reflected by the magnetization measured in the same core sample. Thus, many of the long-term changes in the cosmic ray fluxes incident on Earth may be due to effects external to the Earth; either due to changes in the shielding of the inner heliosheath or due to changes in the incident fluxes of GCRs from outside the heliosphere.
[9] Could the GCR fluxes in the heliosphere change rapidly in the future due to rapidly changing conditions in the LISM? For the period from 1700 AD to present-day, the 10 Be record from ice cores can be compared with sunspot data [Beer et al., 1990] . The result is a remarkably steady anticorrelation, which demonstrates how changes in the solar wind's magnetic field over the solar cycle affect GCRs in the inner solar system. As described above, higher solar activity (when sunspot numbers are large) is correlated with increased interplanetary magnetic field strength, which, in turn, reduces the number of GCRs entering the inner heliosphere. A further implication of the strong and remarkably steady anticorrelation between sunspot number and GCR flux is that, over the last 300 years, the incident flux of GCRs on the heliosphere, and the shielding of GCRs in the inner heliosheath have been relatively constant.
[10] The primary question taken up in this paper is the dose rates induced by GCRs. The GCR environmental model of Badhwar and O'Neill [1991 , 1993 , 1994 ] is used to model the species-dependent GCR flux over time. The Badhwar-O'Neill model is based on the fitting of measured differential energy spectra to stationary solutions of the Fokker-Planck equation parameterized by an assumed form for the diffusion coefficient that varies as a function of the interplanetary modulation potential (measured in MV). The High-charge (Z) and Energy (HZE) Transport code (HZETRN) is solved using a onedimensional, analytical formulation of the Boltzmann transport equation to describe the transport of GCRs through shielding and tissue. The effect of the long-range Coulomb force and electron interaction is treated as a continuous slowing-down process. Atomic (electronic) stopping power coefficients with energies above a few MeV/nucleon are calculated using Bethe's theory including Bragg's rule, Ziegler's shell corrections, and effective charge. Nuclear reaction cross sections are obtained from curve fits to quantum scattering calculations and total cross sections are obtained with a Ramsauer formalism. Nuclear fragmentation cross sections are calculated with a semiempirical abrasion-ablation fragmentation model, NUCFRG2, also developed at NASA Langley. The code transports heavy charged particles (Z = 1 through 26) in the incident GCR spectrum, and all of their reaction products, including secondary neutrons, through as many as 5 layers of shield materials and water, which is used as a surrogate for human tissue. The output from the code includes particle fluxes or fluences for all heavy charged particles and neutrons, absorbed dose, dose equivalents, and linear energy transfer (LET) spectra in water for any desired location in any of the shield materials.
[ 
Changes in GCRs in an Extended Solar Minimum (Cycles 23 to 24)
[12] The solar minimum between cycles 23 and 24 is proving to be extremely interesting. The Sun is remarkably quiet. Recent observations have found that the strength of the interplanetary magnetic field has been falling off to new low levels observed during the space age. Figure 1 shows the evolution of the interplanetary magnetic field strength. The precipitous recent drop in the observed magnetic field strength is seen at multiple spacecraft and appears to be related to a global reduction in the magnetic flux of the heliosphere.
[13] We show in Figure 2 the modulation potential derived from neutron fluxes at Earth and cosmic rays observed at ACE [O'Neill, 2006] . The modulation potential is derived from the modulation parameter,
where the modulation potential is F = |Z e|(r). The integral in (1) extends from the inner boundary at radius r to the outer modulation boundary R b , the solar wind speed is V (x) and 1 (x) is related to the radial diffusion coefficient, . In particular, the form for is based on a fit to the observed spectrum over time and species [O'Neill, 2006 ]: = 1 (r) P b where P is the rigidity in GV, b is the particle speed over the speed of light, 1 (r) / 1 + (r/r 0 ) 2 and r 0 = 4 AU. In the Badhwar-O'Neill model, reductions in the modulation potential are caused by enhanced diffusion, allowing greater access and therefore higher fluxes of GCRs in the inner heliosphere. [15] Figure 3 shows the dose rates to the skin, central nervous system (CNS), blood forming organs (BFO) and the lens using the combination of HZETRN and the Badhwar-O'Neill model for a variety of different shielding levels from 0.3 g/cm 2 to 100 g/cm 2 . These doses are calculated in free space where surfaces are exposed over 4p sr.
[16] Figure 4 shows the results for the dose-equivalent rates, which take into account quality factors and relative biological effectiveness for the different species composing galactic cosmic rays. The dose-equivalent rates are substantial. For example, behind 0.3 g/cm 2 Al we find dose rates between 25 and 35 cSv/year, which approach dose limits of 52 cSv (for a 25 year old male), 37 cSv (for a 25 year old female), 72 cSv (for a 35 year old male), and 55 cSv (35 year old female) for 1 year missions and average life loss for an exposure-induced death for radiation carcinogenesis [NASA Technical Standard, 2007, Table 3 ].
[17] The LRO/CRaTER instrument, which was launched in June 2009, measures the LET spectrum in lunar orbit as an aid in determining risks to human crews on future lunar missions. LET, often a nonlinear function, is defined as the instantaneous energy deposited into the local environment by a given charged particle per unit of distance. As the particle's energy decreases, so does its LET.
The LET spectra allow us to understand the contributions to doses from different particles in the incident spectrum. Part of the preparations for the mission involved estimating the LET spectrum for the anticipated environment that the instrument is likely to see during the one year operational phase of the LRO mission.
[18] Townsend et al.
[2010] prepared detailed estimates of LET spectra in the six silicon detectors and two tissueequivalent plastic segments were made using the beta version of the High Energy Transport Code for Human Exploration and Development in Space (HETC-HEDS) Monte Carlo transport code. Tables of LET in each detector component, for incident particle elemental species from hydrogen through iron, were carried out at incident particle energies from 20 MeV/nucleon to 3 GeV/nucleon. The LET values in these tables were parameterized by elemental species and energy for ease in quickly and accurately estimating the LET response for any input solar or GCR spectrum likely to be encountered during the lifetime of the instrument. The parameterized LET values are in excellent agreement with the HETC-HEDS calculations. Typical differences are on the order of a few percent.
[19] Figure 5 shows a comparison between the predictions of dose rate based on the Townsend et al. [2010] tables and predictions using the HZETRN model. Both predictions use GCR fluxes based on the Badhwar-O'Neill model. In the case of the predictions from the HZETRN model, we consider the lens dose behind 0.22 g/cm 2 of Al shielding exposed to 1.8p sr, which is appropriate for the CRaTER D1 detector. The predictions in Figure 5 will provide useful benchmarks for comparison to CRaTER observations.
[20] Figure 6 shows the LET spectra determined by the SPENVIS and CREME-96 models for ions penetrating Si . Dose rates from GCRs in free space behind different levels of Al shielding ranging from 0.3 to 100 g/cm 2 . These predictions have been made using a 3-layer version of HZETRN 2005, which has been configured to calculate GCR dose and dose equivalents (Townsend et al., submitted manuscript, 2009 ) based on GCR fluxes from Badhwar-O'Neill GCR model. We have calculated doses to the lens, central nervous system, blood forming organs, and skin. . Differential linear energy transfer (LET) spectra determined by the SPENVIS (http:// www.spenvis.oma.be/) and CREME-96 (https://creme96.nrl.navy.mil/) models. LET energy transfer calculations allow us to differentiate the contributions to the dose in terms of species. Low LET contributions arise primarily from protons and alpha particles, whereas higher LET contributions arise from the heavy ions. In this case, we compute LET spectra in Si (through the D1 detector on CRaTER) using atoms with charge Z = 1 to Z = 26. The calculations were performed for a solar minimum in 1987 and a solar maximum in 1982.5.
(through the D1 detector on CRaTER) with charge Z = 1 to 26. The LET spectra show the differences between during solar minimum and solar maximum. These predictions provide a baseline for comparison to LET spectra observed by CRaTER.
Conclusions
[21] We show predictions and simulations of the radiation effects induced by GCRs. The radiation environment in the extended solar minimum observed in 2009-2010 consists of highly elevated fluxes of GCRs, and accordingly, elevated dose rates. The enhanced dose rates predicted by models are the largest since 1987 and the extended solar minimum has caused an unusually long period when dose rates have been elevated. This result is not surprising considering the reduction in the total heliospheric magnetic flux observed by interplanetary spacecraft (STEREO A and B, Ulysses, ACE, and Wind). Furthermore the reduction in magnetic flux comes during a solar minimum when the heliospheric magnetic field allows better access to the inner heliosphere through gradient and curvature drifts of cosmic rays [Jokipii et al., 1977; Heber et al., 2009] . In a magnetic epoch like the present when the large-scale solar magnetic fields are directed inward in the north (also in the 1960s, 1980s) we expect a more peaked time profile for positively charged GCRs. In contrast, we expect a broadened peak in the time profile of positively charged GCRs in epochs when the large-scale solar magnetic fields are directed outward in the north, as in the 1970s and 1990s. The reduction in heliospheric flux and the GCR drift patterns have caused the extended solar minimum to be both elevated in dose rate and prolonged compared to previous solar minima.
[22] The prolonged solar minimum provides optimal conditions for the measurement of GCRs. We have used models to provide predictions for the CRaTER observations, which will be used in the coming years to test our understanding of radiation effects and interactions.
[23] Thus, we model the dose rates, dose-equivalent rates and LET spectra of galactic cosmic rays in the current prolonged solar minimum and make predictions for the Lunar Reconnaissance Orbiter (LRO) Cosmic Ray Telescope for the Effects of Radiation (CRaTER), which is now measuring GCRs in the lunar environment. Our results show the weak modulation of GCRs causing the largest dose rates seen in the last 25 years over the prolonged solar minimum.
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